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Oncolytic viruses obliterate tumor cells in tissue culture but not against the same tumors in vivo. We report 
that macrophages can induce a powerfully protective antiviral state in ovarian and breast tumors, rendering 
them resistant to oncolytic virotherapy. These tumors have activated JAK/STAT pathways and expression of 
interferon-stimulated genes (ISGs) is upregulated. Gene expression profiling (GEP) of human primary 
ovarian and breast tumors confirmed constitutive activation of ISGs. The tumors were heavily infiltrated 
with CD68+ macrophages. Exposure of OV-susceptible tumor cell lines to conditioned media from 
RAW264.7 or primary macrophages activated antiviral ISGs, JAK/STAT signaling and an antiviral state. 
Anti-IFN antibodies and shRNA knockdown studies show that this effect is mediated by an extremely low 
concentration of macrophage-derived IFNp. JAK inhibitors reversed the macrophage-induced antiviral 
state. This study points to a new role for tumor-associated macrophages in the induction of a constitutive 
antiviral state that shields tumors from viral attack. 

Replication-competent viruses from diverse families are being developed as novel therapeutics for cancer 
therapy 1,2 . The oncolytic viruses are either engineered or evolved for selective infection and/or amplifica- 
tion in cancer cells 3 5 . Viral amplification through the release of progeny, intercellular fusion between 
infected and uninfected cells or combination with chemotherapy and/or radiotherapy significantly increases the 
bystander killing by this class of therapeutics 6,7 . The goal is to achieve rapid intratumoral viral spread to signifi- 
cantly debulk the tumor, together with induction of immune mediated clearance of residual tumor cells or distant 
tumor nodules 8,9 . Potent antitumor immunity that is subsequently established has been shown to protect the 
animal from further tumor challenge 9,10 . 

Numerous oncolytic virotherapy clinical trials are ongoing using RNA (measles, vesicular stomatitis, retro- 
virus, poliovirus, coxsackie) and DNA viruses (adenovirus, herpes simplex, vaccinia), including a phase lib trial in 
hepatocellular carcinoma with JX-594 vaccinia virus expressing granulocyte-macrophage colony stimulating 
factor (GM-CSF) 11 . A Phase III trial using OncoVEX a herpes simplex virus expressing GM-CSF (Talimogene 
laherparepvec) in melanoma is completed and results are pending 1 . Preclinical and clinical data using OncoVEX 
and other viruses point to the host cellular immune response playing an important role in the antitumor 
activity 12,13 . 

However, oncolytic virotherapy has been less curative in other tumor models and human trials. Complete 
regression of large syngeneic plasmacytomas in immunocomptent animals with a single dose of oncolytic VSV- 
mlFN-NIS demonstrating the virotherapy paradigm was recently reported 14 . But more often than not, response 
has been less spectacular and virus infection and spread can be restricted by host innate or adaptive immune 
responses, for example, infiltrating immune cells that eliminate virally infected cells, restricting virus spread and 
overall replication 15,16 . Pre-conditioning of host with cyclophosphamide before virus administration can help to 
increase overall viral titer in tumors as well as suppress induction of primary antiviral antibodies and the 
anamnestic response 1618 . Viral spread can also be shut down due to destruction of vascular structures by VSV 
replication within the tumor mass, initiating an inflammatory reaction including a neutrophil-dependent ini- 
tiation of microdots within tumor blood vessels 19 . Physical barriers imposed by tumor architecture can hinder 
progeny spread to other tumor nests within the stroma 20 . Suboptimal vascular perfusion in poorly vascularized 
tumors also reduces virus delivery and therapeutic outcome. 

The tumor microenvironment can profoundly alter tumor cell susceptibility to chemotherapy but the impact of 
the microenvironment on oncolytic virotherapy has not previously been reported 21 . Here we show that a major 
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limitation to oncolytic virotherapy is constitutive activation of ISGs 
and induction of an antiviral state in tumor cells by associated stro- 
mal cells, rendering permissive cancer cells to a non-permissive virus 
resistant state in vivo. Conventional virus infection assays are typ- 
ically performed in vitro in the absence of any accessory cells of the 
tumor microenvironment; these results often show that tumor cells 
are generally permissive and support high levels of viral replication. 
As such, it is often assumed that cancer cells have dysregulated anti- 
viral response pathways that are inactivated due to transformation or 
mutation that renders them permissive to viral oncolysis 22 24 . Even if 
these cancer cells have functional IFN response pathways, the 
absence of accessory cells, which may produce IFN constitutively 
or upon virus infection, in the in vitro culture system means that 
the tumor cells remain permissive. In this study, we show that tumor 
cells that retained interferon (IFN) responsive pathways can be pro- 
tected in vitro by co-culture with macrophages, and in vivo, by tumor 
stromal elements (eg. tumor-associated macrophages, B cells, cancer 
associated fibroblasts, myeloid derived suppressor cells) which estab- 
lishes an antiviral state that limits viral spread and therapeutic poten- 
tial of oncolytic virotherapy. 

Results 

Tumor cells acquired resistance to VSV infection in vivo. Murine 
ovarian cancer cell lines LM- 1 and ID-8, breast cancer cell line EMT- 
6, and myeloma cell lines 5TGM1 and MPC-11, are highly 
susceptible to VSV infection in vitro. These cancer cells support 
robust viral replication, yielding 10 8 -10 13 TCID 50 /ml of progeny 
virus by 24 h to 48 h post infection. These viral yields reflect a 
10 4 -10 10 fold amplification of the input virus (Fig. la), indicating 
that these cancer cell lines are highly permissive to VSV replication 
and spread. Significant cell death was observed at both low and high 
multiplicities of infection (MOI 0.001-10.0) at 48 h post infection by 
VSV-GFP (Fig. lb) confirming robust viral spread in all of the cell 
lines tested. 

Notably, there was variability in tumor cell susceptibility to VSV 
infection and spread when they were grown as subcutaneous tumors 
in syngeneic mice. Immunohistochemical staining for VSV proteins 
showed that myeloma MPC-11 (Fig. lc) and 5TGM1 (data not 
shown) tumors are highly susceptible to VSV oncolysis, supporting 
robust VSV infection and extensive viral spread after intravenous 
(IV) administration of 5 X 10 s TCID 50 of VSV-GFP. In contrast, 
VSV infection was minimal in LM-1 ovarian tumors and was unde- 
tectable in EMT-6 breast tumors at 24 h or at later time points post 
IV delivery of VSV (Fig. lc). 

Mice were injected intravenously with 200 nm red fluorescent 
microspheres to test perfusion of the tumors. The cryosections 
showed comparable delivery of the nanoparticles to the tumors 
(Fig. Id). Tumors were also harvested 2 h after systemic infusion 
of 10 s TCID 50 VSV-GFP into the mice. Real time quantitative RT- 
PCR (qRT-PCR) for VSV nucleocapsid (VSV-N) mRNA showed 
comparable virus delivery to the myeloma, ovarian and breast 
tumors at 2 h post virus infusion (Fig. le). While virus delivery 
was comparable, qRT-PCR analysis at 24 h showed robust VSV 
amplification in the myeloma tumors but significantly lower replica- 
tion in the ovarian or breast tumors (Fig. le). To rule out the pos- 
sibility that the systemically applied VSV did not reach the LM-1 or 
EMT-6 tumors, tumors were injected directly with 100 ul of VSV- 
GFP and harvested 24 h later. Results from immunohistochemical 
staining for VSV proteins were similar to the data in figure lc, with 
minimal VSV signals in the LM-1 and EMT-6 tumors (data not 
shown). 

The tumor microenvironment created by cellular infiltrates, for 
example, resident tumor-associated macrophages (TAMs), is known 
to confer tumor resistance to a variety of chemotherapeutic agents 26 . 
It is conceivable that an antiviral state was induced by TAMs in the 
ovarian and breast tumors, conferring them with an antiviral state 



and resistance to VSV infection. Indeed, immunohistochemical 
staining revealed high numbers of CD68 + TAMs uniformly distrib- 
uted throughout the tumor parenchyma (Fig. If). 

Induction of an antiviral state by macrophages in vitro. TAMs, 
through secreted cytokines or IFNs, might have induced an antiviral 
state by activating ISGs in the cancer cells. To test this hypothesis in 
vitro, the cancer cells were exposed for 24 h to conditioned media 
harvested from murine macrophage cell lines, RAW264.7 and 
J774A.1, after which VSV was added (MOI 0.01, 0.1, and 1.0) and 
cell viability was determined at 48 h post infection. 

In all cell lines tested, 80-100% of cell killing was achieved at MOI 
of 0.01 if the cells were exposed to control media or J744.1 condi- 
tioned media (Fig. 2a). In contrast, RAW 264.7 conditioned media 
protected ovarian and breast cancer cells from VSV oncolysis 
(Fig. 2a). The extent of VSV-induced cell killing was significantly 
reduced; 80-90% of cells were still alive at MOI of 1.0. However, VSV 
oncolysis was robust in MPC-11 cells regardless of exposure to 
macrophage-conditioned media (Fig. 2a). 

To investigate if an antiviral state was induced through activation 
of interferon-stimulated genes, the cancer cells were stably trans- 
duced to express an IFN sensitive response element-luciferase 
(ISRE-Luc) reporter vector. Activation of JAK/STAT-mediated sig- 
nal transduction pathways by signaling molecules (e.g. cytokines, 
type I IFN) would induce Luc gene expression, allowing quantitation 
of ISRE activation by measuring Luc activity 27,28 . Exposure to RAW 
264.7 conditioned media, but not J774A.1, strongly activated Luc 
expression in ISRE-Luc ovarian (7-13 fold increase) and breast (4 
fold) cancer cells and not in the myeloma cells (0.5-2 fold), support- 
ing the hypothesis that soluble factors produced by RAW 264.7 
macrophages have activated the ISRE and expression of IFN respons- 
ive genes (Fig. 2b). We next isolated primary macrophages from the 
peritoneal cavity of the respective syngeneic mice and co-cultured 
them with LM-1 or EMT-6 cells. As shown in figure 2c, ISRE-Luc 
activity was induced 2-4 folds in LM-1 and EMT-6 cells. 

Macrophages constitutively express type I IFNs and confer viral 
resistance. To determine if activation of the ISRE was due to type I 
IFN, an ELISA assay was used to measure IFN-alpha (IFN-oc) and 
IFN-beta (IFN-P) levels in the macrophage-conditioned media. No 
detectable IFN-oc (limit of detection > 12.5 pg/ml) or IFN-P (limit of 
detection, >15.6 pg/ml) was found (data not shown). However, the 
antiviral state induced by exposure to RAW264.7 conditioned media 
or 10 U/ml IFN-a/p (positive control) can be reversed by addition of 
a neutralizing antibody against IFN-a or IFN~p. RAW 264.7 media 
exposed LM-1 cells became increasingly susceptible (Fig. 3a, anti- 
IFN-oc) or totally susceptible (Fig. 3b, anti-IFN-P) to VSV oncolysis 
as the concentration of blocking antibody was increased. Unlike LM- 
1 cells, reversal of the antiviral state in EMT-6 cells was not complete 
even at 10 ug/ml of neutralizing antibody, suggesting that EMT-6 
cells are more sensitive to IFNs than LM-1 cells. To further define the 
role of type I IFNs in mediating this antiviral state, LM-1 cells were 
stably transduced with a lentiviral vector encoding a shRNA against 
type I IFN receptor (IFNAR). These IFN-receptor knockdown LM-1 
cells (LM- 1 -IFNAR kd ) are no longer responsive to the antiviral effects 
induced by exposure to conditioned media from RAW 264.7 
macrophages and became totally susceptible to VSV oncolysis 
(Fig. 3c). 

Reversal of the macrophage induced antiviral state by JAK inhi- 
bitors. Results from the above studies indicate that an antiviral state 
was induced by the macrophage-conditioned media through 
activation of ISRE, likely through activation of the JAK/STAT 
pathway via type I IFN. We thus tested the feasibility of using JAK 
inhibitors to block the signal transduction. LM-1 and EMT-6 cells 
were exposed to macrophage conditioned media as before, in the 
presence or absence of a JAK inhibitor, Jakafi™ (Ruxolitinib). 
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Figure 1 | Susceptibility of tumor cells to VSV infection in vitro and in vivo, (a) Propagation of VSV-GFP was quantitated by TCID 50 titrations and fold 
increase in virus yield (virus output/input) is calculated (n = 3 replicates, mean ± SD). (b) Cell viability in VSV infected cultures was evaluated by the 
MTS assay at 48 h after infection at the respective MOIs. (c) Representative image of immunohistochemical staining for VSV protein (Alexa-555/red 
staining) in MPC-11, LM-1 and EMT-6 xenografts at 24 h post intravenous VSV delivery, (d) Red fluorescent 200 nm polystyrene microspheres in 
the tumors at 2 h after intravenous delivery, (e) Quantitative RT-PCR for VSV nucleocapsid mRNA in the tumors at 2 h or 24 h post virus delivery. 
Mean ± SD (n = 3 mice per time point). * P < 0.05. Unpaired student t test was used, (f) Abundant and uniform distribution of CD68 cells (Alexa488/ 
green staining) in the tumors. Scale bar represents 100 um. 
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Figure 2 | Effect of macrophage-conditioned media on VSV mediated killing of tumor cells, (a) Cell killing by VSV-GFP. Cells were treated for 24 h 
with media alone or with conditioned media from RAW264.7 or J774A.1 before VSV exposure. MTS assays were performed 48 h post infection. 
Cell viability is presented as a percentage of uninfected cells, (b, c) Relative luciferase activity in ISRE-Luc tumor cells after (b) 24 h exposure to 
conditioned media from macrophage cell lines or (c) co-culture with primary peritoneal macrophages harvested from LM- 1 and EMT-6 syngeneic mice, 
BALB/c and B6C3F1, respectively. Results represent fold change from control cells (media alone). N = 3 (mean ± SD). * P< 0.05. Unpaired student ftest 
was used. 



Jakafi™ is a recently FDA approved drug for the treatment of 
myelofibrosis with an IC 50 of 3.3 ± 1.2 nM and 2.8 ± 1.2 nM for 
JAK1 and JAK2, respectively. 

The antiviral state induced in LM-1 and EMT-6 cells was reversed 
in a dose-dependent manner with increasing amounts of ruxolitinib 
in the conditioned media. Ruxolitinib at 250 nM was sufficient to 
block the JAK/STAT signaling pathway in LM-1 cells to achieve 
100% VSV infectivity (Fig. 4a). In EMT-6 cells, 1 uM ruxolitinib 
was required to achieve 100% cell killing (Fig. 4b), suggesting that 
EMT-6 cells are very sensitive to the protective effects of IFN. 

To determine the relative sensitivity of the cancer cell lines to 
protection by IFN, the cells were treated with increasing doses of 
IFN-a. Addition of 1 U/ml of IFN-oc was sufficient to protect 50% 
of LM-1 cells from VSV infection (Fig. 4c). EMT-6 cells were exqui- 
sitely sensitive to the antiviral effects of IFN-a. Only 0.1 U/ml of 
IFN-a (10 times less than LM-1) was sufficient to protect 60% of 
EMT-6 cells. In contrast, MPC-11 myeloma cells are totally unre- 
sponsive to IFN-a and remained highly susceptible to VSV oncolysis 
despite the addition of 1000 U/ml of IFN-a (Fig. 4c). 

Pivotal antiviral regulators and genes are activated in tumors. We 

next investigated if an antiviral state was present in the LM-1 and 
EMT-6 tumors by performing semi-quantitative RT-PCR for various 
IFN sensitive genes (Fig. 5a). RNA was extracted from LM-1 and 
EMT-6 cells growing in tissue culture, from cells exposed to 
RAW264.7 and J774A.1 macrophage conditioned media or from 
subcutaneous non-treated tumors growing in syngeneic mice. The 
most significant change in mRNA profile was observed for IRF-7, 
OAS2 and MX2 genes. Exposure of LM-1 and EMT-6 cells to RAW 
264.7 but not J744.1 macrophage conditioned media activated the 
transcription of IRF-7, OAS2 and MX2 antiviral genes. These genes 
were also activated in LM-1 and EMT-6 tumors harvested directly 
from the respective syngeneic mice. Relative intensities of the bands 
measured by dosimetric scanning estimate a 4.6-fold (LM-1) and 



2.5-fold (EMT-6) increase in OAS2 mRNA and a 10-fold (LM-1) 
and 2.2-fold (EMT-6) increase in MX2 (Fig. 5b, c). Immunoblot 
analysis of the cells grown in culture and of tumor lysates showed 
strong expression of OAS2 and MX2 proteins in tumors but 
negligible in cancer cells (Fig. 5d). 

Activated ISG profiles in primary ovarian and breast cancers. The 

surprising finding that LM-1 and EMT-6 tumors exist in an antiviral 
state in vivo was evaluated further by mining the public microarray 
datasets (www.oncomine.org), comparing normal tissues versus 
tumor samples from breast cancer and ovarian cancer patients. 
Datasets with large sample sizes from the Gluck Breast study (n = 
158), Bonome Ovarian study (n = 195), and the Cancer Genome 
Atlas project (TCGA, n = 517 for ovarian and n = 137 for breast) 
were interrogated (Table 1). IFN-related genes that showed the most 
significant increases in our study above, IRF7, IRF9, MX2, STAT1, 
and OAS2, and representative members of other IFN-related genes, 
MX1, OAS1, STAT1, JAK1, TYK1, IFNAR1, IFNAR2, were analyzed. 
As shown in Table 1, the majority of these genes including all the 
genes that showed significant increases in semi- quantitative RT-PCR 
(Fig. 5a.) were significantly higher in tumors compared to the normal 
control tissues. Antiviral genes, MX1, MX2, OAS1 and OAS2 showed 
the highest increase (1.5-4 folds). Expression of genes upstream in 
the JAK/STAT pathway, JAK1, TYK2, IFNAR1, and IFNAR2, were 
either decreased or showed no significant change. 

Discussion 

This study is the first report demonstrating that cancer cells that are 
highly susceptible to infection and killing by an oncolytic virus in 
vitro can acquire a formidable antiviral state in vivo to become 
refractory to virotherapy. Analyses of explanted tumors at 2 h post 
virus infusion confirmed virus delivery but subsequent virus infec- 
tion and spread was inhibited in these tumors. As shown in this 



SCIENTIFIC REPORTS | 3 : 2375 | DOI: 10.1038/srep02375 



4 



700- 
600- 
500- 
400- 
300- 
200- 
100- 



ISRE induction 



□- 



-E3 



0.1 1 
anti-IFNa (ug/ml) 



120 

S? 100 ' 
i" 80 

1 60 

> 40 
a) 

O 20 
0 



VSV infectivity 



B- n 



# control 

■ RAW264.7 

-A- J774A.1 

--Q- IFNa 



t — ft — t—n- 

anti-IFNa (ug/ml) 



14000-1 
•j- 12000- 
S 10000- 

» 8000- 

TJ 6000- 

o 4000- 

-l 2000- 



E 



— -B-. 
—ft g 



0.1 1 
anti-IFNa (ug/ml) 



125 

S 100 ' 
t 75. 
f 50. 
1 25- 



* 



0.1 1 10 

anti-IFNa (ug/ml) 



ISRE induction VSV infectivity 




.7 



anti-IFNp (ug/ml) anti-IFNp (ug/ml) 



.2 10000- 
tj 

n 

« 5000- 
_1 

o- 




0.1 1 
anti-IFNp (ug/ml) 



125- 
g 100- 
I 75- 
1 50- 
S 25. 



0.1 1 
anti-IFNp (ug/ml) 



c 




0 0.01 0.1 T 



VSV-GFP (MOI) 

Figure 3 | Acquired viral resistance is mediated by type I IFN in the conditioned media. The effect of (a) anti-IFNa or (b) anti-IFNp neutralizing 
antibodies on induction of luciferase expression in ISRE-Luc tumor cells and VSV mediated cell killing (MOI 1.0) of tumor cells that had been exposed 
24 h to macrophage conditioned media or 10 U/ml IFNa or IFNfi . (c) IFN-receptor knockdown LM-1 cells (LM-lIFNAR kd ) are not responsive to the 
protective antiviral effects of RAW 264.7 macrophage conditioned media. Cells were exposed to the respective conditioned media and infected with VSV- 
GFP at indicated MOIs. Cell viability was determined 48 h later. 



study, not all tumors exist in an antiviral state; it is those cancer cells 
that have a functional IFN and JAK/STAT responsive pathway and 
are exquisitely sensitive to IFN that present with a different (i.e. virus 
resistant) phenotype in vivo. The in vivo source of IFN is likely from 
the tumor infiltrating immune cells, as lymphocytes and macro- 
phages are known to constitutively secrete very low endogenous 
levels of IFN 27 . 

The tumor microenvironment is composed of proliferating tumor 
cells and the tumor stroma comprising extracellular matrix, blood 



vessels, infiltrating inflammatory cells and a variety of accessory 
cells 29 . Tumor cells produce cytokines and chemokines that recruit 
inflammatory cells that support tumor neovascularization, growth 
and metastasis 30 32 . These tumor-infiltrating cells also play important 
roles in adaptive immunity (T lymphocytes, dendritic cells, B cells) 
and innate immunity (tumor associated macrophages TAMs, poly- 
morphonuclear leukocytes and natural killer cells). Presence of these 
immune cells is often correlated with a poor prognosis in breast, 
cervical, bladder and lung cancers 33 37 . The infiltrating inflammatory 
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Figure 4 | The effect of JAK inhibitors on the macrophage induced anti- 
viral state and relative sensitivity of cancer cell lines to type I IFN. 

(a) ISRE-Luc expressing LM-1 and (b) EMT-6 cells were exposed to 
RAW264.7 conditioned media in the presence of ruxolitinib for 24 hours, 
after which the luciferase activity was measured (ISRE induction) or the 
cells were infected with VSV-GFP (MOI 1.0) and cell viability was 
determined 48 h later. Results represent mean ± SD of three different 
experiments. *P < 0.05. Unpaired student t test was used, (c) Sensitivity of 
cancer cell lines to type I IFN was tested by pretreating the cells with the 
indicated concentrations of mouse IFNa for 24 h before VSV-GFP 
infection (MOI 1.0). Cell viability is presented as a percentage of the 
uninfected control. 



cells, specifically TAMs with CD4 hl CD68 hi CD8 low , enhance tumor 
resistance to chemotherapy and/or are immunosuppressive 2638 . 

Tumor-infiltrating immune cells are of interest in virotherapy 
because lymphocytes and macrophages are found to constitutively 
express low levels of type I IFN at levels that cannot easily be detected 
by conventional biological assays or immunoassays 27 . Type I IFN and 
Type II IFN constitute an important element of the host innate 
immune response to control virus infection 39,40 . Type I IFN, IFN-a 
and LFN-p\ induce antiviral activity by binding to IFNAR1/2 recep- 
tors, which results in phosphorylation of the receptor by JAKs and 
recruitment and phosphorylation of STAT1 and STAT2 which 
together with IRF9 form a transcription factor, IFN-stimulated gene 
factor 3 (ISGF3). ISGF3 recognizes ISRE that controls transcription 
of ISGs, many of which have direct antiviral functions or contribute 
to the formation of the antiviral state 41,42 . Several of these ISGs, 
ISG15, MxA, OAS and PKR, have been shown to inhibit replication 
of rhabdoviruses such as VSV 41,43 . 

It is not clear why immune cells constitutively express type I IFN. 
It has been proposed that immune cells specifically express specific 
IFN genes independently of one another (there are currently 13 



subtypes of IFNa and 2 types of IFN)3), so that certain genes are 
expressed at high levels only in response to virus infection whereas 
others are expressed constitutively at low levels and respond only 
poorly or not all to virus infections 27 . The authors showed that PBMC 
and U937, a human myeloid monocytic cell line, constitutively pro- 
duce IFNa5 and IFN)3 in the absence of virus, in contrast to the 
expression of multiple IFN subspecies (including IFN-al, IFN-a2, 
IFNP) post virus exposure 27 . The culture supernatant from unin- 
duced U937 cells contains about 0.3-0.5 U/ml of IFN and activates 
the ISRE in the ISG15 gene. Freshly harvested peritoneal macro- 
phages can also confer an antiviral state on mouse embryonic fibro- 
blasts 44 , and as shown here, in IFN responsive tumor cells. The 
conferred antiviral state is inhibited by neutralizing antibodies to 
IFNa/p. Interferon spontaneously expressed in normal mice and 
maintain the host cells in an antiviral state, possibly as a part of an 
integral host defense against viral infection 44 . 

While it is generally assumed that most cancer cells are defective in 
type I IFN responses and do not produce IFN 41,45 47 , studies have 
shown that some cancers cells, such as PC3 prostate cancer cells, 
SW982 human sarcoma cells, and multiple mesothelioma cells lines, 
do retain the ability to respond to type I IFN and are resistant to VSV 
infection, at least in part due to IFN responsiveness and/or constitu- 
tive ISG expression 41,48-50 . Unlike the cells stated above, the ovarian 
and breast cancer cell lines, LM-1 and EMT-6 cells used in this study 
do not exist in a constitutive antiviral state in vitro and are highly 
permissive to VSV replication. However, they are exquisitely sens- 
itive to the antiviral effects of type I IFN. When co-cultured with 
macrophages or macrophage conditioned media, low levels of IFN 
produced constitutively by the murine macrophage cell line, RAW 
264.7, or by freshly harvested peritoneal macrophages activated the 
ISRE in LM-1 and EMT-6 cells, resulting in activation of ISGs and 
induction of a formidable antiviral state in these cancer cells in vitro. 
Semi-quantitative RT-PCR and western blot analysis of the syn- 
geneic murine ovarian and breast tumors confirmed elevated levels 
of mRNA and protein of key antiviral ISGs when compared to the 
cells grew in vitro. Global expression profile microarray analyses of 
primary human ovarian and breast tumors showed 2-4 fold higher 
levels of antiviral ISG mRNA in primary tumors compared to their 
normal counterparts (n = 712 for ovarian samples and n = 295 for 
breast samples, Table 1). A more extensive survey of other murine 
tumors, which were highly sensitive to VSV infection and oncolysis 
in vitro, but were resistant to VSV infection and therapy in vivo was 
also noted in LLC lung cancer, CMT-93, EL4 lymphoma and 
RENCA renal cell cancers (Peng and Russell, unpublished data). 

We are currently screening a variety of drugs that can potentially 
block IFN or Jak/Stat signaling to synergize with VSV therapy. 
Several JAK mutations that result in constitutively active or hyper- 
active JAK proteins, which have crucial roles in hematopoietic 
malignancies, especially myeloproliferative neoplasms, have been 
identified 51 . Jakl/2 inhibitors, including AG490 and Jakafi™ 
(Ruxolitinib) are being evaluated as anticancer drugs 52 . Our in vitro 
study showed that ruxolitinib can reverse the antiviral state and block 
the activation of JAK/STAT pathway induced by the macrophage 
conditioned media in the ovarian and breast cancer cell lines to 
achieve 100% VSV infectivity in vitro. These results support future 
studies to evaluate the safety and efficacy of combining oncolytic 
virotherapy with JAK inhibitors as a strategy to dampen innate 
immunity. Future oncolytic virotherapy clinical studies could also 
incorporate assessment of the global gene expression profile of the 
tumors to determine the correlations between the antiviral state with 
extent of viral replication and response to the therapy. 

Methods 

Cells and viruses. EMT-6 murine mammary carcinoma, LLC1 murine Lewis lung 
carcinoma, MPC-11 murine myeloma, RAW264.7, and J774A.1 murine monocyte/ 
macrophage cells were obtained from the American Type Culture Collection 
(Manassas, VA). Murine ovarian cancer cells LM-1 and ID-8, murine ovarian 
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Figure 5 | Expression profile of interferon sensitive genes (ISGs) and proteins in cancer cells and tumors, (a) Semi-quantitate RT-PCR was used to 
determine the presence or absence of various ISG genes in LM-1 and EMT-6 cells, with or without exposure to conditioned media from RAW264.7 
(RCM) or 1774A.1 (JCM) or tumors grown in the respective syngeneic mice. Dosimetric measurements of the respective ISG bands in (b) LM-1 and (c) 
EMT-6 cells and tumors. Data represent fold increase from the respective control cells and was analyzed using Image ] software, (d) Western blot analysis 
showing the presence or absence of two anti-viral proteins, OAS2 and Mx2, in the cells and tumors. Equivalent amount of protein (20 ug) was loaded for 
each lane. Blots shown in here were cropped using Photoshop software and the full-length blots are presented in Supplementary Fig. SI. 



carcinoma, were obtained from Dr. A. Al-Hendy, University of Saskatchewan and Dr. 
K. Roby, University of Kansas Medical Center, respectively. All of the above cells were 
cultured in Dulbecco's Modified Eagles Medium (DMEM; Mediatech, Herndon, VA) 
supplemented with 10% fetal bovine serum (FBS; Sigma- Aldrich, St. Louis, MO). 
5TGM1 cells (gift from Dr. B. Oyajobi, University of Lexas Health Science Center) 



were grown in Iscove's Modified Dulbecco's medium (IMDM; Mediatech, Herndon, 
VA) supplemented with 20% FBS. All media contained penicillin- streptomycin 
antibiotics. 

The ISRE (Interferon Stimulated Response Element)-luciferase transduced cancer 
cells were generated by transduction with lentiviral particles expressing luciferase 



Table 1 | Expression profile of antiviral genes from public microarray database 

Gluck Breast (Invasive Breast TCGA Breast (Invasive Breast Bonome Ovarian (Ovarian TCGA Ovarian (Ovarian Serous 

Carcinoma vs. Normal = 154 Carcinoma vs. Normal = 76 vs. Carcinoma vs. Normal = 185 vs. Cystadenocarcinoma vs. Normal = 

vs. 4) 61) 10) 509 vs. 8) 



GENE 


P-value 


FC* 


P-value 


FC* 


P-value 


FC* 


P-value 


FC* 


IRF7 


0.002 


1.369 


1 .29E-23 


2.764 


n.a. 


n.a. 


n.a. 


n.a. 


IRF9 


0.003 


1.634 


2.22E-10 


1.765 


1 .49E-07 


2.04 


0.141 


1.165 


MX1 


0.002 


1.935 


1 .36E-6 


1.865 


0.013 


1.208 


0.009 


1.613 


MX2 


0.19 


1.213 


2.25E-1 1 


2.004 


4.61 E-05 


1.664 


3.12E-04 


3.933 


OAS1 


0.001 


1.939 


6.70E-14 


2.379 


0.012 


1.528 


1 .25E-04 


3.226 


OAS2 


1 .64E-5 


2.059 


1 .65E-23 


4.788 


3.29E-04 


1.495 


3.46E-04 


2.490 


STAT1 


6.28E-4 


1.843 


2.66E-18 


2.798 


0.999 


-1.587 


1 .87E-06 


2.999 


STAT2 


7.74E-4 


2.196 


3.97E-7 


1.295 


3.89E-9 


1.519 


1 .50E-4 


1.262 


JAK1 


0.940 


- 1 .404 


0.681 


-1.061 


1.000 


-2.923 


1.000 


-1.316 


TYK2 


0.012 


1.502 


1 .84E-1 1 


1.609 


0.024 


1.168 


3.66E-4 


1.226 


IFNAR1 


0.677 


-1.102 


0.028 


1.298 


0.862 


-1.072 


0.976 


-1.093 


IFNAR2 


0.003 


1.339 


0.093 


1.141 


0.994 


-1.230 


0.308 


1.075 



*FC = Fold Change. 
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under the control of ISRE (Lenti-ISRE-Luc, Qiagen, Frederick, MD). For type I IFN 
receptor (IFNAR1) knocked down cells, lentiviral particles encoding shRNA against 
were purchased from Sigma-Aldrich (St. Louis, MO). Following lentiviral transduc- 
tion, cells were selected and maintained under puromycin (Sigma-Aldrich, St. Louis, 
MO) selection. 

Recombinant VSV-GFP virus was amplified in Vero cells as previously described 25 . 
Viruses were purified by 0.45 urn filtration of cell supernatant and pelleted by ultra- 
centrifugation (27,000 rpm) through a 10% w/v sucrose gradient. Viral titer was 
determined by TCID 50 {median tissue culture infective dose) titrations on Vero cells. 

In vitro infection and viral replication analysis. To prepare the macrophage- 
conditioned media, 1.4 X 10 5 RAW264.7or J774A.1 cells were seeded in 12 well plates 
and 6 hours later, standard growth media was replaced with DMEM supplemented 
with 0.5%BSA (Sigma-Aldrich, St. Louis, MO). Forty-eight hours later, the media 
were collected and filtered using 0.22 um membrane (Millipore, Carrigtwohill, 
County Cork, Ireland), aliquoted and stored at — 80°C. 

For the virus infection assays, cells (7000 cells/well in a 96 well plate) were exposed 
to VSV-GFP at the specified MOI in the presence or absence of conditioned media. 
Cell viability was assessed at 48 hours post infection using the MTS cell proliferation 
assay according to manufacturer's instructions (Promega, Madison, WI). For the viral 
replication assays, 1.4 X 10 5 cells were seed in 12 well plates and infected with VSV- 
GFP (MOI 0.02 in 1 ml Opti-MEM) and incubated at 37°C for 2 hours. The virus 
inoculum was removed, cells were washed with PBS and growth media was replaced. 
Cells and media were collected at 24, 48 and 72 hours post infection and stored at 
— 80°C until analysis. Viral titers were determined by TCID 50 plaque- forming assay 
on Vero cells as mentioned above. 

Type I IFN neutralization and sensitivity analysis. Mouse IFNoc, mouse IFN0, rat 
monoclonal antibody against mouse IFNoe, and rat monoclonal antibody against 
mouse IFN|3 were all purchased from PBL Interferon Source (Piscataway, NJ). ISRE- 
Luc cells in the 96 well plates were either infected with VSV-GFP (MOI 1.0) or lyzed 
with cell-culture lysis buffer (Promega, Madison, WI) 24 hours after exposure to 
murine IFN in the presence or absence of anti-IFN neutralizing antibodies. Cell 
viability was determined using the MTS assay at 48 hours after infection. Luciferase 
activity was measured using the luciferase assay system (Promega, Madison, WI) and 
read on an Infinite M200 PRO luminometer (TECAN, Research Triangle Park, NC). 
All data are expressed as either fold change or relative light units (RLU). 

JAK-STAT pathway inhibitor. Ruxolitinib was purchased from ChemieTek 
(Indianapolis, IN). 7,000 cells/50 ul growth media were seeded in 96 well plates. Six 
hours later, growth media containing ruxolitinib (10, 50, and 250 nM for LM1 cells; 
0.25, 1, 4 (J.M for EMT-6 cells) were added. Twenty-four hours later, ISRE-Luc cells 
were either infected with VSV-GFP (MOI 1.0) and cell viability was determined 48 h 
after infection or lyzed with cell lysis buffer and luciferase activity measured as 
described above. 

Animal experiments. All procedures involving animals were reviewed and approved 
by the Mayo Clinic Institutional Animal Use and Care Committee. Five to six week 
old female mice were implanted subcutaneously in the right flank with tumor cells. 
LM-1 cells (2 X 10 6 cells/site) were grown in B6C3F1 J mice (Taconic, Germantown, 
NY), MPC-11 (5 X 10 6 cells/site) and EMT-6 (2 X 10 6 cells/site) were grown in 
BALB/c mice (Harlan, Indianapolis, IN) and 5TGM1 cells (5 X 10 6 Cells/site) were 
grown in C57Bl/KaLwRij mice (Harlan Netherlands, Horst, The Netherlands). For 
mRNA or immunohistochemical studies, tumors were harvested into RNAlater 
(Invitrogen, Carlsbad, CA) or frozen ( — 20°C) in Optimal Cutting Media (OCT) 
when they were 0.8 to 1.0 cm in diameter. In some cases, mice received VSV-GFP 
intravenously (5 X 10 8 TCID 50 ) or 50 ul of red fluorescent 200 nm polystyrene 
microspheres (Invitrogen, Carlsbad, CA) and tumors were harvested 2 or 24 hours 
later into RNAlater or snap frozen for storage at — 80°C. 

Immunohistochemistry. Tumor samples frozen in optimal cutting temperature 
medium (OCT) were sectioned (5 urn), fixed with ice-cold acetone for 10 min and 
permeabilized with 0.01% Triton-X/PBS for 15 min. Blocking buffer containing 5% 
horse serum/PBS was applied for 20 min, after which tissues were incubated with rat 
anti-murine CD68 antibody (Abeam Inc., Cambridge, MA) or polyclonal rabbit anti- 
VSV antibodies generated in-house by the Mayo Clinic Viral Vector Production 
Laboratory for 1 h at room temperature. Slides were washed five times in PBS, 
followed by incubation with Alexa 488 conjugated anti-rat antibody (Invitrogen, 
Carlsbad, CA) or Alexa 555 conjugated anti-rabbit antibody (Invitrogen, Carlsbad, 
CA) for 30 min after which the slides were viewed under fluorescence light with an 
inverted Nikon (Eclipse E400) and images captured with QlClick digital camera with 
NIS Elements software (Nikon). 

Immunoblotting for antiviral genes. Protein lysates fractionated by 10% acrylamide 
SDS-PAGE were transferred to a polyvinylidene difluoride membrane (BioRad, 
Hercules, CA). Membranes were blocked with 5% nonfat milk in Tris-buffered saline 
(TBS)-Tween for 1 hour at room temperature followed by incubation with primary 
antibodies, rabbit anti-mouse OAS2, rabbit anti-human MX1/2/3, or goat anti-actin 
(SantaCruz, Dallas, Texas). After five washes in TBS-Tween, membranes were 
incubated with the appropriate peroxidase conjugated secondary antibodies. Signal 
was developed using Pierce ECL western blotting substrate kit (Thermo Scientific, 
Waltham, MA) according to manufacturer's instructions. 



Tumor RNA extraction and Quantitative RT-PCR for VSV-N or Semi- 
Quantitative RT-PCR for antiviral genes. Tumors were preserved in RNAlater® 
(Applied Biosystems, Carlsbad, CA) at the time of necropsy. Before RNA extraction, 
tumors were homogenized in a TissueLyser II instrument with stainless steel beads. 
RNA was extracted by the RNeasy® Plus Universal Mini Kit (Qiagen, Frederick, MD). 
For quantitative RT-PCR, RNA samples were diluted to 0.2 u.g per reaction (total 
sample volume of 5 uL). Samples were quantified by comparison with a standard 
curve generated by amplification of 432-bp in v/fra-transcribed RNA (MAXIscript 
SP6 kit; Applied Biosystem) encoding a 298-base portion of the VSV nucleoprotein 
gene (bases 972-1269) cloned in pCR®II-TOPO® (Invitrogen, Carlsbad, CA). All 
samples and standards were run in triplicate. For semi- quantitative RT-PCR, 1 u.g of 
total RNA for each samples were used for the generation of cDNA. Reverse 
transcription was performed using a Superscript III (Invitrogen, Carlsbad, CA) and 
oligo(dT) primer according to manufacturer's instructions. PCR amplification 
reactions were then performed using antiviral gene specific primers. The mRNA 
expression of target genes was normalized against the respective GAPDH mRNA 
levels. 

Statistical analysis. Statistical significance of experimental results was analyzed by 
unpaired student's t test where indicated. Ap value of <0.05 is considered statistically 
different. 
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